at specific points, makes it difficult to purify alcohols up to absolute purity. There are some developed processes for purification of alcohols up to ultrapure level such as adsorption and extractive distillation. These processes suffer from some operational drawbacks such as highenergy consumption and capital costs. [1] Therefore, development of an efficient and robust process for dehydration of alcohols is of vital importance for chemical and petrochemical industries. There are various candidates for this application among which membrane technology has shown to be an excellent choice for dehydration of alcohols. [2] [3] [4] [5] [6] Membrane separation processes offer superior characteristics compared to other traditional methods in dehydration of alcohols such as distillation. [7] The main advantages of membrane technology in alcohol dehydration are the consumption of energy which is much less than other traditional processes. Moreover, the membranes offer lower operational and maintenance costs. So far, membranes have been used for various applications in gas and liquid separation such as gas purification, [8] [9] [10] hydrogen purification, [11, 12] natural gas sweetening, [13] [14] [15] [16] [17] water desalination, [18] pervaporation, [19] [20] [21] [22] [23] and bioseparation. [24] Application of membranes for the specific process depends on the type of media, process conditions, and costs. [4, [25] [26] [27] [28] [29] Although membrane processes excel in great operational performance and low costs, the process understanding still needs to be improved. The latter means that modeling of membrane processes is of great importance to further improve the applications of membranes for the industry. The model of the process would advance the design and optimization of membrane performance for particular applications and reduce the costs of experiments. [30] [31] [32] [33] [34] There are various models for description and prediction of membrane processes among which mechanistic models based on transport phenomena have revealed to be appropriate and robust for prediction of membrane separation processes. [35, 36] In mechanistic models, the governing equations of the process are derived and solved numerically to obtain the quantity of interest, such as concentration, mass transfer flux, heat flux, temperature, and velocity distributions. Usually, computational fluid dynamic techniques are utilized to solve the governing equations and to simulate the membrane processes. Rezakazemi et al. [37] developed a mechanistic model for simulation of a membrane process based on pervaporation. The water Separation A mechanistic model is developed to simulate ethanol purification using membrane technology. In the considered process, a feed solution containing 10 wt% water + 90 wt% ethanol is contacted with a polymeric dense membrane in a pervaporation system. The membrane selectively separates water from solution in order to purify the ethanol. In the development of the model, it is assumed that the water is the main penetrant through the membrane due to the hydrophilicity of membrane material. The mass fraction of water molecules in the feed solution, as well as membrane, is estimated using Maxwell-Stefan approach. The governing equations are then solved using finite element method in order to predict mass fraction, mass transfer flux, and velocity of the solution in the membrane module. The results indicate that the model can predict the formation of concentration and velocity boundary layer in the feed solution near the membrane/feed interface. Moreover, the developed model is robust and reliable in the understanding of membrane separation processes applicable for dehydration of alcohols.
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Introduction
Removal of water from alcohols, a process known as dehydration, is of great importance in chemical and petrochemical industry. Given that water/alcohol solutions form an azeotrope www.advancedsciencenews.com www.mts-journal.de was considered as the penetrant in the process, and the mass transfer equations were solved to obtain the concentration distribution of water in the membrane. Shirazian and Ashrafizadeh [25] developed a comprehensive mechanistic model for water transport in a membrane evaporation process. The developed model was 3D considering mass, heat, and momentum transport. However, they considered transport of pure water through the membrane. The diffusional mass transfer was modeled by using Fick's equation. Some authors have used soft computing for simulation of membrane processes which have turned out the great results in terms of process prediction, but these models fail to understand the process and the effect of process parameters on the separation efficiency. [38] [39] [40] Most mechanistic models developed for simulation of membrane processes are based on Fick's model for estimation of diffusional mass transfer. [6, 41] However, Fick's model is not appropriate for multicomponent mass transport and for highly concentrated systems, because it does not account for all interactions between molecules involved during the molecular diffusion. [42] A novel mechanistic model for membrane processes should take into account the application of multicomponent mass transfer. Maxwell-Stefan (MS) model can be used to estimate the diffusional mass transfer term in the developed mechanistic model. The objective of this work is to develop a mass transfer model based on MS theory to simulate dehydration of alcohols using membrane technology. Pervaporation is considered as the process and ethanol as the model of alcohol.
Model of Process
A domain for the model development is shown in Figure 1 . As seen, the model consists of two subdomains, that is, feed and membrane. The feed solution containing 10 wt% water + 90 wt% ethanol flows through the feed side of the membrane module. On the permeate side, a vacuum is applied to create the driving force of the process. The membrane configuration is flat sheet and nonporous which implies that the mechanism of separation is solution diffusion. In pervaporation process, the water molecules are first dissolved in the polymeric layer (membrane) and then diffuse through the membrane layer. Finally, the water molecules are evaporated at the membranepermeate interface. Due to the low pressure of permeate side, permeate domain is not considered in the modeling of the process and it is assumed that the evaporation at the permeatemembrane interface is fast enough compared to diffusion through the membrane layer. Therefore, the process of separation is pervaporation in which the separation is achieved by applying a pressure gradient.
Model Equations
The model developed in this work is based on transport phenomena. Mass transfer equation was used to predict the concentration distribution of penetrant, that is, water molecules. To obtain the concentration distribution of water molecules in the feed side of the membrane module, convection-diffusion equation is used [43] J C V w w 0 ( )
In Equation (1), C w is the concentration of water molecules (mol m −3 ), J w is the diffusive flux of water (mol m −2 S −1 ), and V refers to the velocity (m s −1 ). Equation (1) is used to calculate the concentration distribution of water molecules in the feed side as well as membrane side.
Feed Equations
Equation (1) is used for the feed solution to obtain the concentration distribution of water as a function of spacial coordinate, that is, x and y. The equation considers both diffusional and convective mass transfer rates as a function of location. In order to estimate the convection term, the velocity distribution needed to be calculated. The velocity distribution can be calculated by using momentum equation which for Newtonian www.advancedsciencenews.com www.mts-journal. de and incompressible fluid is the Navier-Stokes equation. The Navier-Stokes equation for this system can be written as [43] 
In Equation (2), η is the viscosity of water/ethanol solution (kg m −1 s −1 ), V y refers to the velocity (m s −1 ), ρ is the density of solution (kg m −3 ), p is the pressure (Pa), and F refers to the external force (N). The external force is neglected for this system and the viscosity of the solution is assumed to be the same as ethanol due to the low concentration of water in the feed solution (10 wt%).
In order to develop the model for the feed solution, the diffusional mass transfer contribution in Equation (1), J w , is estimated using multicomponent transport theory, that is, MS. Maxwell-Stefan equation for this system in the feed side may be written as [43] 
In Equation (3) 
where m refers to the partition coefficient of water between water/ethanol solution and the polymeric membrane. The convective flux condition in Equation (5) states that the mass transfer through this boundary is convection dominated, and it assumes that diffusion is negligible at this particular boundary (y = L).
The boundary conditions to solve the Navier-Stokes equations are
Membrane Equation
The second subdomain in the system is membrane side. Water is transported in the feed side by diffusion and convection, and reaches the membrane interface. At feed/membrane interface, water is dissolved and transported via diffusion mechanism. The diffusion of water molecules through the nonporous membrane is modeled using diffusion equation. Fick's law of diffusion is used to estimate mass transfer flux which has been extensively used in literature for membrane processes. [25, [44] [45] [46] [47] The diffusion equation to determine the mass transfer of water through the membrane is written as [37] D 
The boundary conditions for membrane are expressed as [48] x a C C m , w-membrane
y and y L C y 0 , 0
Numerical Simulation
The model's equations derived in Equations (1-15) were solved via finite element method (FEM). FEM is a numerical approach for the solution of differential equations and has indicated to be a reliable and accurate numerical approach in the simulation of membrane separation processes. [2, 46, [49] [50] [51] [52] [53] [54] [55] For this work, COMSOL 3.5 software was used for numerical solution of the equations and simulation of the process. As a starting point, the whole model domain should be discretized and the equations should be solved for the cells. [9, 56, 57] The discretized geometry of process is shown in Figure 2 . [37] UMFPACK was used as the direct solver for the solution of the equations. [4, 28, [58] [59] [60] A computer with central processing unit (CPU) speed of 3.5 GHz and 32 GB of random-access memory (RAM) was used for the numerical calculations, while adaptive mesh tool in COMSOL software was used in order to find the optimum number of meshes for the model domain and implement the mesh independence test. Total numbers of 2768 unstructured grids were created for numerical simulation. The parameters used for the simulation of the process are listed in Table 1 . The steps used for numerical simulation using COMSOL are listed below:
1. Specifying the models to be used for the process, that is, Maxwell-Stefan diffusion and convection, diffusion, and incompressible Navier-Stokes. 2. Drawing the geometry of the model domain (Figure 1 ). 3. Setting the boundary conditions defined in Equations (4-15). 4. Setting the domains for the solution of governing equations (two domains). 5. Meshing the geometry using adaptive mesh algorithm. 6. Setting the solver used for the process (UMFPACK). 7. Running the simulation. 8. Postprocessing the simulation results.
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Results and Discussion

Concentration Distribution
2D surface plot of water mass fraction in the feed as well as membrane side is illustrated in Figure 3 . Moreover, the profile of H 2 O mass fraction is plotted in Figure 4 in which y-direction is considered in the concentration profile. As observed in Figure 3 , the mass fraction of H 2 O in the bulk of feed side is almost uniform and no significant change is observed. It is clearly seen that near the membrane's surface, the mass fraction of H 2 O changes greatly which is an evidence of formation of concentration boundary layer. From Figure 4 , a sharp reduction in the mass fraction of H 2 O is observed near the membrane surface. On the other hand, a gradual and uniform concentration change can be observed for mass fraction of H 2 O inside the membrane (see Figure 3 ).
Mass Transfer through the Membrane
Since the membrane used in this work and generally in pervaporation process is nonporous, it is expected that the mass transfer through the membrane is the controlling step in www.advancedsciencenews.com www.mts-journal.de separation and removal of water from ethanol. The surface concentration distribution of H 2 O, as well as mass transfer flux, is shown in Figure 5 . As seen, a uniform and 1D concentration profile has been established inside the membrane which could be due to the assumption of mole cular diffusion in the model. Given that the other sides of the membrane are assumed to be insulated (the upper and bottom boundaries), mass transfer of water molecules occurs only in the x-direction and a 1D mass transfer flux is observed through the membrane.
Velocity Profile
Velocity profile in different coordinates and directions are shown in Figures 6-8 . Figure 6 indicates x-velocity profile in the x-direction at the region near the feed inlet. On the other hand, 2d x-velocity distribution is shown in Figure 7 . As seen, at the region near the feed inlet there are two zones with maximum and minimum velocity which could be due to developing the velocity in the feed side. In the region far from the inlet, a uniform x-velocity distribution is observed which is an evidence of fully developed velocity distribution in the feed side. Also, it is observed that the maximum x-velocity occurs at the region far from the membrane surface which could be attributed to the effect of viscous forces. Viscous forces are negligible at the region far from the membrane surface, while the forces are significant near the membrane. This would cause the formation of maximum and minimum velocity observed in the feed channel. Furthermore, Figure 8 confirms the formation of fully developed y-velocity in the feed side along the y-coordinate. Therefore, both x and y velocities become fully developed after a short region from the inlet of feed side. It should be noted that velocity characterization in membrane processes is of great www.advancedsciencenews.com www.mts-journal.de importance because the amount of convective mass transfer flux is calculated based on the velocity of the fluid.
Mass Transfer Flux
The mass transfer flux of water molecules in the feed side of membrane module constitutes diffusion and convection. The contribution of each mass transfer to the total mass transfer of water is of great importance for calculation of separation efficiency in the process. The ratio of diffusion over convective mass transfer flux of water molecules in the feed side is shown in Figure 9 in which the profile is plotted in x-direction. As seen, the contribution of diffusion is very low compared to the convection which is mainly due to the high velocity of feed solution in the membrane module. Moreover, at the zone near the membrane' surface, the contribution of diffusive mass transfer increases significantly which is because of the low velocity of feed solution near the membrane' wall (no-slip condition). [61, 62] It should be noted that in the process of interest, the diffusive mass transfer flux is of great interest because it causes the transport of water molecules toward the membrane.
Conclusions
A phenomenological model was developed in this study in order to predict the performance of pervaporation process used for dehydration of ethanol. The process involves a membrane module with feed and permeate side as well as a nonporous membrane for separation. The water molecules are sorbed and diffuse through the membrane by a molecular diffusion mechanism. The model developed in this work is based on the convection-diffusion equation in which the diffusion term is estimated by Maxwell-Stefan theory. The convection-diffusion equation is coupled with the Navier-Stokes equation for calculation of velocity distribution. The coupled equations were then solved numerically using finite element method to predict the mass fraction of water molecules and mass transfer flux in the feed side and membrane. The results indicated that the model is capable of predicting the formation of concentration boundary layer and the separation increases by enhancement of diffusional mass transfer flux in the feed side. www.advancedsciencenews.com www.mts-journal.de
